水中でのイオン・分子認識を可能とする蛍光プローブ/シクロデキストリン複合体センサーに関する研究 by 山内 晶世
Studies on Fluorescent Probe/Cyclodextrin













































































































































































































































water has been evaluated. The fluorescent probes Cn-15C5 (n = 1, 3, 5), in which the benzo-15-crown-5 ether 
(B15C5) unit and pyrenyl moiety are connected by a -(CH2)~- spacer, have been utilized. In the absence of y-CyD, 
no obvious fluorescence emission of C3-15C5 was noted in 990/0 water-10/0 acetonitrile (MeCN) (v/v). By contrast, 
significant pyrene monomer emission appears in the presence of 5.0 mMy-CyD, indicatlng that C3-15C5 is 
incorporated inside the y-CyD cavity. The C3-15C5/y-CyD complex does not show any obvious spectral change 
by adding 0,lO M NaC1. However, the broad featureless band with an emission maximum at 470 nm is strongly 
intensified by addition of 0.lO M K', and there is quenching of the pyrene monomer fluorescence. In the presence of 
K', the absorption spectrum shows a reduction in the resolution and intensity of absorption compared with the 
spectrum in the presence of tetramethylammonium (TMA'). The absorption spectral change is the characteristic 
feature which is attributable to the ground state interactions between two pyrenyl moieties. Thus the sti'uctureless 
broad emission observed at 470 nm is assigned to the emission of the pyrene dimer which is produced by 
incorporating two fluoroionophores inside the y-CyD in water. In non-aqueous solution, C3-15C5 shows moderate 
Na' selectivity based on l:1 complex forrnation. The recog~nition mechanism of the C3-15C5/7-CyD complex is 
completely different from that of the C3-15C5 in non-aqueous solution. EcluilibriLml analysis reveais that the 
observed dimer emission arises from a 2:1:1 complex of C3-15C5 with K' and y-CyD. 
In the absence of K', the fluorescence lifetimes for the dimer species (L2CyD and L~(CyD)2; L denotes C3-
15C5) and the monomer species (LCyD and L(CyD)2) are 13-18 ns and 130-180 ns, respectively. Upon addition of 
K', a rising component con'esponding to pyrene excimer fomlation is observed at the dimer emission region. But the 
ratio of the amplitude in the time-dependent profile corresponding to the decaying and rising component deviates 
from unity, indicating that the ground state dimer also forrns, which is consistent with the absorption spectral change. 
With an increase In K' concentration, the intensity of the monomer fluorescence of the C3-15C5/7-CyD 
complex decreases, while that of the dimer fiuorescence increases with a clear isoemissive point. When it is 
assumed that the change in fluorescence is induced only by 2:1 compiex forrnation between C3-15C5 and K', the 
apparent 2:1 binding constant (K) with K' can be detemlined as (3.8 ~ 1.3) X lOU M-2. The l:1 binding constant of 
Bl5C5 for K' in water is quite small (less than 1.0 M-i). In addition, the K value for the C3-15C5/y-CyD complex 
with K' is much higher than that of the 2:1 binding constant of Bl5C5 with K' in methanol (K = l.4 X lOU M-!). The 
i'emarkably high binding constant for K' obtained for the C3-15C5/ 7-CyD complex suggests that the forrnation of a 
2:1 complex between C3-15C5 and K' is facllitated by y-CyD. Conceming interference by Na', the C3-15C517-
CyD complex shows negligibly small changes in I.17*)/137* for Na' concentrations from O to 0.10 M. The binding 
constant for the C3-15C5/y-CyD complex with K' is found to be (1.3 ~ 1.2) X lO~' M2 jn soiutions in which 
concentraiion of K' varied from O to 0,lO M with the total concentration of Na' and K' kept constant at 0,lO M. 
Thus, the binding constant for K' in the presence of Na' is almost the same as that in the absence of Na'. 
The C5-15C5/y-CyD complex also shows high sensitivity for K'. The apparent binding constant for the C5-
15CS/7-CyD complex with K' is (5.8 ~ 3.5) X l0~' M-2. Howevei', the C5-15C5/7-CyD complex also binds Na' to 
some extent. and the selectivity for K' over Na' is lower than that of the C3-15C5/y-CyD complex. In contrast, 
probe C1-15C5 with the shortest methylene spacer exhibits no response for alka]i metal ions in the presence of 7-
CyD. These results demonstrate that the response function of supramolecular Cn-15C5/ y-CyD complex is strongly 
affected by the methylene spacer iength of Cn-15C5. 
It is also found that the se]ectivity of crown ether probe/ y-CyD complex sensors for alkall metal ions is tunabie 
by varylng the crown ether ring size of probes. Thus C3-12C4 and C3-18C6 possessing Bl2C4 and Bl8C6 
moieties selectively respond to Na' and Cs', respectively, by forrnin_*~ a 2:1 comp]ex with target alkali inetal ions 
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inside the y-CyD cavity in water. For the C3-12C4/7-CyD complex, the accurate K value can not be determined 
because the deviations are re]atively large. However, the fitting curve reveals that the K value is within the range of 
ca. 107 M2. The 2:1 binding constant of B12C4 with Na' in MeCN is 3.2 X Ial M-2. The high K value of the C3-
12C4/y-CyD complex suggests that the fonTIation of a 2:1 complex between C3-12C4 and Na' is facilitated by 7-
CyD. In this system, response for K' is negligible. The apparent binding constant of the C3-18C6/y-CyD complex 
tol Cs Is (58 + 4 6)XIO" M Th]s value Is also hlghel than that of Bl8C6 In methanol (1 9XIO M-2). No 
response is noted for Na'. Thus the se]ective sensing of Cs' by the C3-18C6/y-CyD complex is feasible in the 
presence of lar_~e amount of Na' Iike condition of nuclear waste solutions. 
In chapter 3, the sugar recognition function of phenylboronic acid probe/CyD comp]ex sensors has been 
examined in water. The fluorescent probes Cn-PB (n = l, 4) in which the phenylboronic acid unit and pyrenyl 
moiety are connected by a -(CH2)~- spacer, have been utilized. It is expected that the C4-PB formed a 2:1 coTnplex 
with sugar inside y-CyD cavity. However, both pyrene monomer and dimer emission increase upon addition of 
fructose. This implies that the evaluation of response mechanism should be complicated. To eliminate this 
complication, the C4-PB/J~-CyD complex system in which C4-PB fonTls only the 1:1 inclusion complex with 1'-
CyD has been examined. The probe C4-PB exhibits no fluorescence emission when it is aggregated in water 
containing 2a/o DMSO. However, the addition of j~-CyD to this soiution greatly changes the UV-vis and 
fluorescence spectra of C4-PB. and an efficient fluorescence emission response is observed upon sugar binding at 
pH 7.5. The pH-fluorescence profile for the C4-PB/j~-CyD comp[ex reveals an apparent pK,, shift from /~.95 ~0.03 
in the absence of fructose to 6.06i0.03 in the presence of 30 mM fructose, resulting in a fructose-induced 
fluorescence enhancement at neutral pH. Tlle fluoTescence quantum yield of C4-PB is greatly enhanced by the 
addition of 1.0 mM benzyltrimethylammonium hydroxide in 95a/o methanol-50;70 water (v/v). This result strongly 
supports a photoinduced electron trans. fer (PET) pathway from the pyrene donor to the acid forrn of the arylboronic 
acid acceptor. To obtain further evidence, we have ex'amined l-methylpyrene and 4-methoxycarbonylphenylboronic 
acid (MCPB) as donor and acceptor models of the intramolecular pyrene/arylboronic acid system in C4-PB. A 
fluorescence quenching study is can'ied out in 95% methanol-5% water (v/v). The fluorescence of l'-methylpyrene 
is significantly quenched by addition of the acid form of MCPB w'ithout changing its UV-vis spectra. However 
when 40 mM of benzyitrimethylammonium hydroxide is added, which converts MCPB to its tetrahedral boronate 
form, no quenching behavior is observed. Thus, the main mechanism for fluorescence quenching appears to be PET 
from the excited l-methylpyrene to the acid form of ~/ICPB which acts as electron acceptor. Sugar binding 
promotes formation of an e]ectron-rich tetrabe,dral boronate. which inhibits PET and increase.s the. fluore,scence 
intenslty of the pyrene moiety. The l:1 binding constants (K*s) of the C4-PB//9~CyD complex obtained from 
equilibrium analyses are in the order: D-fructose (2515~134 M-1) >> L-arabinose (269~l28 M-1) > D-_~alactose 
(197~28 M 1) > D-glucose (79~33 M-1), which is consistent wlth the known binding selectivity of phenylboronic 
acid. 
The Cl-PB//9-CyD complex is found to exhibit the higher fluorescence enhancement upon addition of sugars 
than that of~ the C4-PB//~-CyD complex, indicating an efficient PET rr]echanism due to the short spacer length of 
Cl-PB. The observed l:1 binding constants of C1-PB//9~CyD complex are: D-fructose (2817~73 M l) >> L-
arabinose (287~20 M l) > D-galactose (257~ 17 M l) > D-glucose (1 12i20 M-1). The response mechanism of Cl-
PB/ /3~CyD complex is essentially the same as that of the C4-PB/ /~-CyD complex. 
The advantages of the self-assembled Cn-PB/ /9~CyD complex sensors shown here are, (1) high probe solubility 
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 Inchapter4,theresultsf・ralkalimetali・nrec・9niti・nbycr・wnetherpr・be/γ一CyDc・mplexsens・rsinwate「
(chapter2)andsugarrecognltbnbyphenylboronicacidprobe/CyDcomplexsensorsinwater(chapter3)havebeen
summarizedtogetherwithabriefsummaryofintroduction(chapte1'1).Itisfoundthatthedimei'izationofcrown
 etherprobesinsldetheγ一CyDcavityispromotedbyaikalimetaHonbindinginwatel'.Thisnovelphenomenon
 enablesthecrownetllerprobe/γ一CyDcomplexestoselectivelyrecognlzealka髄metalionsinwater.Althoughしhe
 sensingf・mcti・n・f[1・ephenylb・1・・nicaci(lpr・be/β一CyDc・mplexesisbasicallythesall・easthat・fpr・beltself・β一
 CyDpr・videsthehlghpr・bes・lubUityinwaterandthehlghflu・rescentquantumyieldf・refficlentsuga「
 rec・gnlしi・ninwater.Itisexpectedthatthesesupram・1ecularc・mplexsystemsw・uldev・lutethen・velchemical
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 論文審査の結果の要旨
 超分子錯体による分子認識を目的とし,蛍光プローブのシクロデキストリン(CyD)包接錯体を用い,
 水中でのアルカリ金属イオンおよび糖の認識を実現した。
 ベンゾーン5一クラウンー5エーテル(B15C5)とピレンをメチレン鎖で連結した蛍光プローブが,水巾でγ一
 CyD存在下,K+の添加によってピレンダイマー蛍光を示すことを見いだした。B15c5の空孔よりも大き
 なK+に選択性を示すこと,及びK+添加時の吸収スペクトルにピレン問の相互作用を示す特徴が観測され
 ることから,蛍光プローブはγ一CyD空洞内で,K+と2:1錯体を形成していると考えられる。K+に対する
 2:1錯形成定数は(3.8±!.3)×109M'2と高く,また,Na+による妨害も見られなかった。水中では困難なク
 ラウンエーテルとK+との錯形成が,γ一CyDの存在によって実現したといえる。蛍光強度のγ一CyD濃度
 依存性の解析から,プローブ,K+およびγ一CyDからなる錯体の化学量論は2:1:1であると推定した。ま
 た,イオンに対する応答は,ピレンとクラウンエーテル間のスペーサー長に依存することを明らかにし
 た。さらに,クラウンエーテル環サイズを変化させることにより複合体のイオンに対する選択性を制御
 可能であることを示した。
 糖結合部位であるフェニルボロン酸とピレンを有するボロン酸型プローブは,β一CyD水溶液中で,ボ
 ロン酸の酸解離に伴い蛍光強度が増大し(pκ、=7.95),また,フルクトース30mM存在下ではみかけの
 pκ、は6.06と,低pH側にシフトした。この結果,中性条件下,糖に対する発蛍光型の応答が実現した。
 酸解離に伴う蛍光強度の増大は,ピレニル基からフェニルボロン酸部位への光誘起電子移動が,ボロン
 酸の解離によって阻害されるためである。種々の単糖類に対する1:1錯形成の序列は,フェニルボロン酸
 の序列と一致した。
 以上,蛍光プローブのCyD包接錯体によって,水中での新しいイオン・分子認識システムを構築した。
 これらの研究成果は論文提出者が自立して研究活動を行うに必要な高度の研究能力と学識を有すること
 を示している。従って,山内晶世提出の論文は,博士(理学)の学位論文として合格と認める。
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